Introduction Study Area
The Medina and Diversion Lakes study area ( fig. 1 ) is located in northeastern Medina County and southeastern Bandera County, Texas, within the 650-square mile (mi 2 ) drainage area upstream from the U.S. Geological Survey (USGS) gaging station on the Medina River near Riomedina ( fig. 2) . Medina Lake straddles the Medina-Bandera County boundary and Diversion Lake lies behind Diversion Dam, about 5 river miles (mi) downstream from Medina Dam.
Constructed in 1912 to impound water for irrigation, Medina Dam has a conservation pool elevation (top of spillway) of 1,064.2 feet (ft) above NGVD 29. When full, Medina Lake holds nearly 255,000 acre-feet (acre-ft) of water, within a surface area of about 6,066 acres and about 71 mi of shoreline. The low-head Diversion Dam impounds an additional 2,555 acre-ft of water when filled to its spillway elevation of 919.0 ft. Part of the water from Diversion Lake can be diverted at Diversion Dam through the Medina Irrigation Canal to the Bexar-MedinaAtascosa Water Improvement District irrigation network, which provides irrigation water to about 33,000 acres of farmland in the Medina River Valley (Texas Water Development Board, 1996) .
Hydrogeologic Setting
The Edwards aquifer is one of the most permeable and productive carbonate-rock (limestone and dolostone) aquifers in the United States and is the major source of public water supply for more than 1.6 million people in Bexar, Comal, Hays, Medina, and Uvalde Counties (U.S. Census Bureau, 2000) . This aquifer supplies large quantities of water to agricultural, industrial, and recreational interests as well as to most businesses in the region. Spring discharge from the aquifer is vital to the area's tourism economy, the survival of several threatened or endangered plant and animal species, and the maintenance of downstream water supplies.
Recharge to the Edwards aquifer occurs mainly from streams that originate in the upgradient catchment area and flow across the outcrop (recharge zone) of the aquifer ( fig. 1 ). Most runoff from the catchment area infiltrates updip, unconfined parts of the Edwards aquifer through faults, fractures, and sinkholes that characterize this recharge zone (Small and Clark, 2000) .
The Edwards aquifer is recharged also by ground-water outflow (seepage) from Medina and Diversion Lakes, individually, as well as from the Medina/Diversion Lake system as a whole. Recharge from this system is estimated to contribute an average 62,700 acre-ft of recharge annually to the Edwards aquifer, accounting for about 9 percent of the estimated 698,500 acre-ft of average annual recharge to the Edwards aquifer (Slattery, 2004 ).
Recharge to the Edwards aquifer in the study area is greatly influenced by the local hydrogeology ( fig. 3 ; table 1, at end of report). Surface-water losses from the Medina/Diversion Lake system enter the aquifer indirectly through the Glen Rose Limestone of the Trinity Group or directly through porous outcrops of the Kainer Formation of the Edwards Group (Lambert and others, 2000) . Medina Lake bottoms in the upper member of the Glen Rose Limestone (Small and Lambert, 1998, fig. 3 ), which comprises the relatively impermeable upper zone of the Trinity aquifer (Barker and Ardis, 1996, p. B42) . Southern parts of Medina Lake abut the basal nodular member and possibly lower part of the dolomitic member of the Kainer Formation (T.A. Small, U.S. Geological Survey, retired, oral commun., 2000) , the lowermost formation of the extraordinarily permeable Edwards aquifer. Because the relation between the hydrogeologic subdivisions in the study area and the associated zones of differing porosity and permeability are vertically controlled (Small and Lambert, 1998, table 4) , recharge to the Edwards aquifer that occurs as seepage from the Medina/Diversion Lake system can be related to the stage in Medina Lake.
Whereas the contact between the upper member of the Glen Rose Limestone and the basal nodular member of the Kainer Formation is about 1,000 ft above NGVD 29, the contact between the basal nodular and dolomitic members of the Kainer Formation occurs at about 1,050 ft (Lambert and others, 2000) . Because Medina Lake abuts the recharge zone of the Edwards aquifer between altitudes of about 1,000 and 1,064 ft (top of spillway), it is possible for water to seep from the lake into the aquifer so long as the stage exceeds about 1,000 ft. According to Lambert and others (2000, p. 17) , "...the greatest losses from [Medina] lake to the ground-water system appear to result from lake stages that range from about 1,040 to 1,045 ft," a range that coincides with some of the more porous and permeable parts of the Kainer Formation on the southern side of Medina Lake (T.A. Small, U.S. Geological Survey, retired, oral commun., 2000) .
From the bottom of the Medina Lake spillway to the approximate midpoint of Diversion Lake, where the Diversion Lake fault intersects Diversion Lake ( fig. 3 ), the Medina River channel lies on the upper member of the Glen Rose Limestone, which corresponds to the upper zone of the Trinity aquifer. From the approximate midpoint of Diversion Lake downstream to the Haby Crossing fault-including the Medina River below Diversion Dam-the lake and river channel lie on a thin residuum of the basal nodular member, which corresponds to the lowermost part of the Edwards aquifer (Lambert and others, 2000) . reservoir in the lower part of the Medina River Basin. Lowry's work was adapted later by Puente (1978) to estimate annual recharge to the Edwards aquifer in that basin. The USGS currently uses Puente's (1978) adaptation of the Lowry (1953) method to estimate annual recharge to the Edwards aquifer from the Medina/Diversion Lake system (Slattery, 2004) . The USGS procedure sums estimates of monthly recharge (computed with the Lowry method) to estimate annual recharge, assuming that the short-term errors cancel over the course of a typical year.
During October 1995-September 1996, the USGS conducted a study (Lambert and others, 2000) with objectives to better define short-term rates of recharge and to reduce the error and uncertainty associated with estimates of monthly recharge from the Medina/Diversion Lake system. As part of that study, the USGS developed water budgets for Medina Lake, Diversion Lake, and the Medina/Diversion Lake system to derive the amount of ground-water outflow from each of these lakes as well as from the entire lake system. During that period of study, however, the stage in Medina Lake ranged from only about 1,018 to about 1,046 ft above NGVD 29. Consequently, the recharge estimates derived by the 1995-96 study (Lambert and others, 2000, p. 12) are considered "...valid only for a range in Medina Lake stage between about 1,018 and 1,046 ft above [NGVD 29] ." Therefore, the USGS-in cooperation with the Edwards Aquifer Authority (EAA)-began a study in January 2001 to refine and, if possible, extend the previously derived relations between Medina Lake stage and recharge to the Edwards aquifer to include the effects of reservoir stages below 1,018 ft and greater than 1,046 ft above NGVD 29. The principal objective of this present (2001-02) study was to estimate ground-water outflow from Medina Lake, Diversion Lake, and from the Medina/Diversion Lake system through the computation of water budgets representing steady-state conditions over as wide a range as possible in the stages of Medina and Diversion Lakes.
Purpose and Scope
The purpose of this report is to summarize precipitation, evaporation, and surface-water data collected during February 2001-June 2002 and provide updated water budgets for Medina and Diversion Lakes and the Medina/Diversion Lake system, including estimates of ground-water recharge from the lake system to the Edwards aquifer. These updated water budgets incorporate data collected during March 1955 -September 1964 by the USGS, the National Weather Service (NWS), and the Texas Water Development Board (TWDB) in addition to data collected by the USGS during October 1995-September 1996 (Lambert and others, 2000).
Water-Budget Analysis
To estimate ground-water outflow from Medina and Diversion Lakes and from the Medina/Diversion Lake system, discrete water budgets were computed for selected periods over a range of stages in Medina and Diversion Lakes. The waterbudget equation incorporates measurable components of inflow and outflow to solve for (or otherwise scientifically estimate) unknown gains or losses, or both, from a lake or the lake system. The measurable components include: surface-water inflow and outflow, precipitation, evaporation, and change in storage. The net effect of the unknown gains and losses is represented by the residual of all the measurable components-or water that is not accounted for, including errors associated with each of the measurable components.
The solution to the water-budget equation is obtained by balancing the contribution of each component of the water budget for any given budget period. The overall water-budget equation for Medina and Diversion Lakes and the Medina/ Diversion Lake system can be written as follows:
GW out + e GWout = P + e P -E + e E + SW in + e SWin -SW out + e SWout -∆S + e ∆S ,
where (all units in acre-feet per day) GW out is ground-water outflow (loss from the lake system, or selected part of the lake system, assumed to recharge the ground-water system) minus groundwater inflow (gain to the lake system, or selected part of the lake system, from the ground-water system); P is precipitation on the lake; E is evaporation from the lake surface; SW in is surface-water inflow to the lake; SW out is surface-water outflow from the lake;
∆S is change in lake storage; and e i is the standard deviation around each measured term i.
As for the previous (1995-96) study (Lambert and others, 2000) , domestic and municipal withdrawals from and discharges into Medina and Diversion Lakes were presumed negligible and are not accounted for in the water-budget analysis. As for the previous study, all components of ground-water inflow to the Medina/Diversion Lake system also were presumed negligible.
Daily precipitation, evaporation, streamflow, and reservoir storage were either measured directly or values were estimated on the basis of periodic on-site measurements. Table 2 (at end of report) lists the site number, USGS or NWS station number, station name, latitude, longitude, drainage area, station type, and period of record for the data-collection sites. Locations of the data-collection sites are shown in figure 2.
A water budget for the Medina/Diversion Lake system was computed using daily hydrologic data collected during March 1955 -September 1964 , October 1995 -September 1996 (Lambert and others, 2000 , and February 2001-June 2002 (present study). Water budgets for Medina and Diversion Lakes were computed using daily hydrologic data collected only during the 1995-96 and 2001-02 data-collection periods. Budgets for the individual lakes could not be computed from the 1955-64 data, because no streamflow data were available between the two lakes during that period.
The following sections describe how each component in the water budget (eq. 1) was derived for the 1955-64 and 2001-02 periods. Data from the 1995-96 study (Lambert and others, 2000) were used as published with the exception of some evaporation data, for which missing record was estimated as explained under "Evaporation," below.
Precipitation
Daily precipitation records from the NWS site at Riomedina (site 18) were used to estimate precipitation (P) on Medina and Diversion Lakes during 1955-64. No other sites from which to compute a weighted average were active within a reasonable proximity of the lakes during this time ( fig. 2, table 2 ). For 2001-02, daily precipitation data from Medina River at Bandera (site 1) and Riomedina (site 18) were spatially weighted to estimate precipitation on Medina Lake (table 2) . The weighting of the sites was based on the spatial proximity of the sites relative to Medina Lake. Using points of equal distance between sites 1 and 18 as the delineating boundary for each site, it was estimated that 30 percent of the Medina Lake surface area was within the area covered by site 1 and that 70 percent was covered by site 18. Therefore, the daily precipitation at site 1 was multiplied by 0.30 and the daily precipitation at site 18 by 0.70. The resulting values were summed to obtain estimates of daily precipitation on Medina Lake. Daily precipitation recorded at site 18 was used as an estimate of precipitation on Diversion Lake.
Evaporation
For 1955-64, daily evaporation (E) from Medina and Diversion Lakes was estimated from monthly evaporation totals for the Medina Lake area from the Texas Water Development Board (2004) .
Daily evaporation data missing from the 1995-96 record (Lambert and others, 2000) were estimated using daily pan evaporation data from the NWS site at Sea World, San Antonio, Tex., located about 15 mi east-southeast of Medina Lake. Monthly pan coefficients for the Medina Lake area from the Texas Water Development Board (2003) were applied to the pan evaporation to compute the daily evaporation for Medina and Diversion Lakes. Periods for which the 1995-96 evaporation data were revised included October 11-November 12, 1995; January 19-24, and 27-28, 1996; February 7-9, 11-15, and 29, 1996; May 4, 13-15, and 19-24, 1996; August 4-19, and 21-22, 1996; and September 12-31, 1996. For this report, lake evaporation (E) was estimated for 2001-02 from meteorological data collected at sites located on Medina and Diversion Lakes. Estimation of E also was made using evaporation data collected at the Texas A&M University (TAMU) meteorological data-collection site in San Antonio. The TAMU site is located about 27 mi east of Medina Lake (Texas A&M University, 2003) .
Data collected at the Medina Lake weather station (site 11, fig. 4 ) included wind speed and direction, net radiation, vapor pressure, air temperature, and water temperature at selected depths. Data collected at the Diversion Lake weather station (site 16) included wind speed and direction, shortwave radiation, vapor pressure, air temperature, and water temperature at the water surface.
Evaporation data for 2001-02 were calculated with the Bowen ratio-energy budget (BREB) (Bowen, 1926) . To calculate evaporation using the BREB method, data-collection techniques and calculation methods were modified for open-water conditions as described by Laczniak and others (1999) and German (2000) . Periods of missing BREB evaporation record were estimated using a relation between available BREB evaporation record and potential evaporation collected at the TAMU meteorological data-collection site.
Surface-Water Inflow and Outflow
For 1955-64, the surface-water inflow (SW in ) component to the Medina/Diversion Lake system was computed from records collected at two USGS continuous-record streamflowgaging stations, Medina River near Pipe Creek (site 3) and Red Bluff Creek near Pipe Creek (site 4), and from streamflow estimates from the ungaged areas ( fig. 2, April 29, 1955 , to April 3, 1957 , Diversion Lake was reported as "dry." During these periods, flow at site 15 was estimated to be zero.
Streamflow was not measured at site 12 (Medina River below Medina Lake) during 1955-64; therefore, the SW in and SW out components were computed only for the Medina/Diversion Lake system and could not be derived for the individual lakes.
For 2001-02, the SW in and SW out components were computed from records collected at four continuous-record streamflow-gaging stations (sites 1, 12, 15, and 17), nine periodic streamflow measuring sites (sites 2, 5-10, 13, and 14), and from streamflow estimates from the ungaged areas that drain into Medina Lake ( fig. 2, table 2 ). Mean daily streamflow and miscellaneous streamflow measurements made during 2001-02 are published in USGS Water-Data Reports (Gandara, 2002-03) .
SW in to Medina Lake and to the Medina/Diversion Lake system was computed by summing the estimated daily streamflows from seven periodic streamflow measuring sites (sites 2, 5-10) and the estimated daily streamflow from the ungaged areas that drain into Medina Lake (table 2) . Daily streamflow at Medina River at English Crossing (site 2) during 2001-02 was estimated on the basis of a linear relation (r 2 = 0.96, p-value = 0) developed between continuous streamflow recorded at Medina River at Bandera (site 1) and 28 miscellaneous streamflow measurements made, primarily during lower flows, at site 2 between 1995-96 and 2001-02. The area upstream from site 2 accounts for about 75 percent of the Medina Lake drainage area.
The EAA recorded continuous stage at Red Bluff Creek at FM 1283 (site 5) for some periods during May 2000-February 2002. To determine streamflow at site 5, a stage-streamflow (discharge) relation was developed using stage values recorded by EAA and miscellaneous discharge measurements made at site 5 as part of the present (2001-02) study. Missing daily values at site 5 were estimated on the basis of periodic on-site measurements and a relation developed between continuous streamflow recorded at site 5 and at Seco Creek at Miller Ranch, USGS station 08201500. Daily streamflows for periodic measuring sites 6, 8, 9, 13, and 14 were estimated from the periodic measurements and continuous streamflow recorded at site 1. Daily streamflows for site 7 were estimated on the basis of periodic on-site measurements and continuous streamflow recorded at Helotes Creek at Helotes, USGS station 08181400. SW in from the remaining ungaged area was estimated by multiplying the ungaged area (59 mi 2 ) by the average daily streamflow per square mile of the surrounding gaged watersheds. The Medina River watershed (upstream from site 1) was not included in this computation.
SW out from Medina Lake and SW in to Diversion Lake were computed by summing the daily streamflow recorded at the Medina River below Medina Lake gage (site 12) and the estimated daily discharge from Koenig Creek (site 13) and Nesbit Springs (site 14). Because the results of isotope analyses (Lambert and others, 2000, p. 33-34) indicate that Medina Lake is the source of most water discharging from Koenig Creek and Nesbit Springs, the estimated discharge from these sites (sites 13 and 14) was included in the computed SW out from Medina Lake. SW out from the Medina/Diversion Lake system and from Diversion Lake was computed by summing streamflow at the Medina Irrigation Canal (site 15) and Medina River near Riomedina (site 17).
For 1955-64, the Medina River contributed an average of about 94 percent of the total SW in to Medina Lake, for 1995-96 about 96 percent, and for 2001-02 about 87 percent. The proportionately lower SW in contribution from the Medina River during 2001-02 is attributed to the higher rainfall amounts during that time, which resulted in streamflow in the normally dry tributaries of Medina Lake. In contrast, no flow was recorded in most of the tributaries during most of the 1995-96 study (Lambert and others, 2000) .
Reservoir Storage
Medina Lake storage for 1955-64 was obtained from published record of the USGS and stage from USGS observer records that included daily to periodic stage measurements. For the same period, reservoir storage for Diversion Lake was estimated from periodic lake stage measurements using the TWDB stage-volume-area tables for Diversion Lake (Texas Water Development Board, 1996) . Reservoir storage during the present study was computed from continuous lake stage recorded at Medina Lake and Diversion Lake, using the TWDB stage-volume-area tables for Medina and Diversion Lakes (Texas Water Development Board, 1996) . Daily changes in lake storage (∆S) were computed as the difference between the amount of current-day storage and the amount of previous-day storage.
Ground-Water Outflow
Ground-water outflow (GW out ) was computed as the residual of all other terms in the water-budget equation (eq. 1). GW out represents water that is not accounted for by all other components, including any unrecognized errors. Positive values of GW out represent losses from the lake system or selected part of the lake system (either of the two lakes and [or] the Medina River) to the ground-water system (Lambert and others, 2000) . Negative GW out values represent gains to the lake system or selected part of the lake system (including returns to the Medina River) from the ground-water system.
Equations with which to compute ground-water outflow as a function of reservoir stage were developed for selected periods during which time the water-budget components were inferred to be relatively stable and the influence of precipitation, stormwater runoff, and changes in storage were presumably minimal. These periods were chosen on the basis of three main criteria. First, periods were selected to exclude conditions affected by heavy rainfall or Medina Lake stages greater than 1,064.2 ft above NGVD 29 (top of spillway). During such conditions, error associated with high flows presumably would be eliminated, as would errors associated with estimates of stormwater runoff from ungaged watersheds. Second, periods of less than 7 days were not evaluated. Periods of less than 7 days would not adequately account for the travel time of the water through the system and would not provide a reasonable sample size for the computation of the mean daily GW out on the basis of the variability of the data. Third, periods were selected that did not begin or end on days when Medina Irrigation Canal ( fig. 2) was either beginning or ending a period of discharge.
Water budgets for Medina and Diversion Lakes and the lake system were selected also so that no budget period would begin or end on days when the Medina Dam gates were being opened or closed. The selection of such periods would presumably minimize error associated with disequilibrium within the system. Long periods of reasonably stable conditions with slow but steady decreases in lake stage were divided into approximately equal periods, with each representing approximately equal increments of changing stage. Tables 3-5 (at end of report) list the resulting mean daily GW out values, as well as statistical summaries and errors computed for each of the selected water-budget periods.
The periods selected for the Medina Lake (table 3) and Diversion Lake (table 4) budgets ranged from 8 to 23 days. Fourteen budget periods during October 1995-September 1996, together equalling about 54 percent of the record, were selected for each lake. Fourteen budget periods also were selected from the April 2001-June 2002 data-collection interval, totalling 51 percent of the record (table 6, at end of report). Owing to heavy runoff resulting from above-average rainfall, slightly less of the total 2001-02 data were used for the water-budget computations.
For the Medina/Diversion Lake system, 127 water-budget periods ( The contribution of the individual components of the water budget were computed as a percentage of the sum of the components for Medina and Diversion Lakes and for the Medina/ Diversion Lake system. In general, the proportions of the individual components of the water budget reflect the effects of prevailing climatological influences of the period, operation of the lakes, and the fact that the selected periods exclude periods of heavy rainfall and stormwater runoff. The contribution of the individual budget components are summarized in tables 3-5 for selected budget periods and in table 6 for available periods of record.
For Medina Lake, ∆S, SW out , and SW in were the major components of the water budget, accounting for 29.1, 25.6, and 22.6 percent of the budget, respectively. GW out accounted for 16.7 percent, evaporation for 4.9 percent, and precipitation for 1.1 percent. For Diversion Lake, SW in and SW out accounted for 47.2 and 40.7 percent of the budget, respectively. GW out accounted for 8.5 percent, ∆S accounted for 3.0 percent, and evaporation and precipitation less than 1 percent. For the Medina/Diversion Lake system (observed between 1955 and 2002) , ∆S had the greatest contribution (33.7 percent) and precipitation the least (1.3 percent). Whereas SW out and GW out accounted for 20.8 and 18.4 percent, respectively, of the total contribution, SW in was 16.4 percent and E was 9.4 percent.
Linear equations were developed during the present study to relate the stage in Medina Lake to the computed mean rates of GW out for Medina Lake (table 3), Diversion Lake (table 4) , and the Medina/Diversion Lake system (table 5). The rates of GW out from Medina and Diversion Lakes were plotted against the corresponding Medina Lake stages, which ranged from 1,019 to 1,064 ft above NGVD 29. Medina/Diversion Lake GW out values were plotted against Medina Lake stages ranging from 963 to 1,064 ft. The resulting water-budget equations are:
Medina Lake GW out = 2.3411 * MedLk Stage -2,350.5
(r 2 = 0.60, p-value = <.001, standard error = 23.85),
Water-Budget Analysis 11 Figure 7 . Relation between Medina Lake stage and ground-water outflow (GW out ) from Medina Lake during selected periods. Figure 7 indicates that when Medina Lake stages are between about 1,043 and 1,045 ft above NGVD 29, the outflow from Medina Lake increases sharply and exceeds the expected GW out as determined by the ground-water outflow trend line-which indicates additional (greater-than-expected) loss between these elevations. During the time of this range of stage in Medina Lake, the ground-water outflow from Diversion Lake decreases sharply and drops below its expected GW out as determined by the trend line in figure 8-which indicates additional gain of water in Diversion Lake. This additional gain in Diversion Lake represents a substantial amount of the concurrent, additional outflow from Medina Lake. The increase in Medina Lake GW out between stages of about 1,043 and 1,045 ft corresponds to an interval within the lower part of the Kainer Formation that is recognized as one of the more permeable parts of the Edwards aquifer on the southern side of Medina Lake (Lambert and others, 2000) .
During their 1995-96 study, Lambert and others (2000) observed a direct relation between the stage in Diversion Lake and ground-water outflow from Diversion Lake. In this relation (Lambert and others, 2000, fig. 7 ), the outflow from Diversion Lake increased with increasing stage. At the higher Medina Lake stages (1,057 to 1,064 ft above NGVD 29) observed during the present (2001-02) study, however, a substantial amount of the additional ground-water outflow from Medina Lake returned to Diversion Lake. Accordingly, the relation between Medina Lake stage and the outflow from Diversion Lake appears as an inverse relation in figure 9 , as opposed to the direct relation between stage and ground-water outflow from Medina Lake.
The negative rates of ground-water outflow in figure 9 indicate a net gain of water in Diversion Lake from the adjacent ground-water system. Because this gain was influenced by highly variable conditions of concurrent outflow from Medina Lake, a specific relation between the stage in Diversion Lake and the ground-water outflow from Diversion Lake could not be isolated from the data collected during 2001-02. More study is required to better understand the specific relation between ground-water outflow from Medina Lake and the associated gain in Diversion Lake. However, from a net gain of zero in Diversion Lake when Medina Lake stages are below about 1,040 ft above NGVD 29, Diversion Lake appears to gain on average about 2.3 acre-ft/d of water for every 1 ft of Medina Lake stage above about 1,040 ft ( fig. 8 ). The expected maximum gain (negative outflow) in Diversion Lake is about -56 acre-ft/d when the expected maximum outflow from Medina Lake is about 140 acre-ft/d ( fig. 7 ). It can be deduced from these observations that-under optimum conditions (Medina Lake stage at its spillway elevation of 1,064 ft)-the gain of water in Diversion Lake could be as much as 40 percent of the concurrent ground-water outflow from Medina Lake.
An indication of water moving from the lake system into the ground-water system and back to the surface-water system was observed during the present study in the most downstream reach of the Medina River in the study area. The Medina River between sites 16 and 17 was analyzed for selected periods when the stage in Diversion Lake was less than 919 ft above NGVD 29 (top of Diversion Dam spillway). With no water spilling over the dam, streamflow between sites 16 and 17 is attributed to springflow into the streambed or seepage from adjacent canyon walls and hillsides that probably originates as outflow from Medina Lake or Diversion Lake, or both. The results of this analysis (eq. 5) showed that, between sites 16 and 17, the Medina River gained about 32 to 94 acre-ft/d and that this net gain (negative ground-water outflow) was dependent upon the stage in Diversion Lake, increasing as stage increases ( fig. 10 ).
Gains to the Medina River = -6.2082 * DivLk Stage + 5,622.1
where DivLk Stage is Diversion Lake stage in feet above NGVD 29.
The water-budget equation (eq. 4) developed for the Medina/Diversion Lake system relates the stage in Medina Lake to the ground-water outflow from the entire system ( fig. 11 ). The computed mean GW out values range from 4.81 to 177.55 acre-ft/d between Medina Lake stages of 963 to 1,064 ft above NGVD 29 (table 5) . The trend line end points for GW out from the lake system are 3.9 to 115.2 acre-ft/d at these stages, respectively. The GW out associated with this analysis reflects water loss from the lake system that is assumed to enter the ground-water system as recharge to the Edwards aquifer.
It should be noted that the sum of GW out computed for Medina Lake (eq. 2) and for Diversion Lake (eq. 3) does not equal GW out computed for the entire Medina/Diversion Lake system (eq. 4). Accordingly, equation 4 should not be used to estimate recharge to the Edwards aquifer without considering the effects of the (1) internal transfer of water among the two lakes and the Medina River, (2) computational error associated with the water-budget analysis, and (3) measurement error associated with components of the water budget. Measurement error is discussed in the following section. Diversion Lake appears to gain more water than it loses during the time Medina Lake stages are greater than about 1,040 ft above NGVD 29 ( fig. 8 ). Under such conditions, the level of Medina Lake would affect the level of Diversion Lake up to the spillway elevation of 919 ft. Because the level of Diversion Lake affects the outflow from Diversion Lake to the Medina River ( fig. 10 ), it likely also affects the total groundwater outflow from the entire Medina/Diversion Lake system.
Errors associated with the computation of GW out values that were used to derive equation 4 range from +1.5 to +78 acreft/d and average +35 acre-ft/d (table 5) . The standard error associated with equation 4 is 21.8 acre-ft/d.
Measurement Error
The standard deviation around each measured term i, is considered to be the uncertainty or error in each term i (Lee and Swancar, 1997). To define the standard deviation around measured terms, errors (e) were assigned to each hydrologic budget component on the basis of the method of measurement, accuracy and precision of the instrumentation, and presumed quality of the hydrologic record. Records rated as good were assigned a percentage error (%e i ) of +10 percent; records rated as fair were assigned a percentage error of +15 percent; and records rated as poor were assigned a percentage error of +20 (Novak, 1985, p. 65) . Records for sites 1, 2, 3, 4, and 12 were rated good. Records for sites 13, 14, 15, 16, and 17 were rated fair. Records for the remaining surface-water sites and ungaged area were rated poor. Precipitation data were rated fair, and evaporation data were assigned a percentage error (%e E ) of +25 percent (Novak, 1985, p. 65) .
On the basis of the errors of the measured terms, the standard deviation (+e GWout ) of the residual term (GW out ) was calculated from the square root of the sum of the squared standard deviations of the measured terms (Lee and Swancar, 1997 
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The daily +e GWout was calculated and averaged for each selected budget period. The average of the daily +e GWout for each budget period is presented in tables 3-5.
Estimated Recharge to Edwards Aquifer
Published estimates of recharge to the Edwards aquifer from the Medina River Basin during 1934-2003 range from 6,300 acre-ft (1956) to 104,000 acre-ft (1960) and average 62,700 acre-ft per year (Slattery, 2004) . These estimatesbased on methodology developed by Lowry (1953) and modified by Puente (1978 Puente ( )-currently (2004 are used by the USGS to estimate annual recharge to the Edwards aquifer.
To estimate recharge to the Edwards aquifer from the Medina/Diversion Lake system, Lowry (1953) performed a mass-balance (inflow minus outflow) analysis, in which he attempted to account for all inflow to and outflow from Medina Lake and the Medina/Diversion Lake system (including evaporation from lake surfaces). Using base-flow data collected during 1930 as part of a Medina River seepage investigation, Lowry estimated recharge to the Edwards aquifer from Diversion Lake. Lowry concluded that: (1) recharge from Diversion Lake was independent of the stage in Medina Lake, and (2) recharge from Diversion Lake was relatively constantabout 1,500 acre-ft per month-as long as water was stored in Diversion Lake. Lowry also developed a set of curves relating ground-water outflow from the Medina/Diversion Lake system to the "reservoir contents," or storage, in Medina Lake. Figure 12 contains two curves modified from curves developed by Lowry (1953) by substituting Medina Lake stage for Lowry's "reservoir contents." Lowry reported that recharge during rising-lake stages (increasing storage) was greater than recharge during falling-stages (decreasing storage) and attributed the difference to bank-storage losses during rising-lake stages and to return flows from bank storage during falling stages. The ground-water outflow trend line in figure 12 was determined by equation 4 and duplicates the trend line in figure 11 .
To compare the results of estimating recharge to the Edwards aquifer with the water-budget equations developed during the present study to those of the Lowry (1953) The greatest difference between recharge estimated by the present study and that computed with the Lowry method occurs during months with rising-lake stage conditions. The Lowry method assumes that about 2,200 acre-ft more recharge occurs during months with rising-stage conditions than during months with falling stage. The present study's estimates of recharge for months with rising-lake stage conditions are about 44 percent of those computed with the Lowry method, compared to about 60 percent for months with steady or falling-stage conditions. Large differences between the results of the different methods also occur at stages greater than about 1,045 ft above NGVD 29. For these stages, the present study estimated recharge to be about 52 percent of that computed with the Lowry method, compared to about 64 percent at stages below 1,045 ft.
Summary
Medina Lake and Diversion Lake are located on the Medina River in northeastern Medina County and southeastern Bandera County, Texas. The Edwards aquifer is recharged in part by ground-water outflow from Medina and Diversion Lakes, individually, as well as from the Medina/Diversion Lake system as a whole. This recharge is greatly influenced by the local hydrogeology; surface-water losses from the Medina/ Diversion Lake system enter the aquifer indirectly through the Glen Rose Limestone of the Trinity Group or directly through the Kainer Formation of the Edwards Group. Because the relation between the hydrogeologic subdivisions in the study area and the associated zones of differing porosity and permeability are vertically controlled, recharge to the Edwards aquifer that occurs as outflow from the lake system can be related to the stage in Medina Lake.
The present (2001-02) Medina Lake study was done by the U.S. Geological Survey-in cooperation with the Edwards Aquifer Authority-to refine and, if possible, extend previously derived relations between Medina Lake stage and recharge to the Edwards aquifer to include the effects of reservoir stages below 1,018 ft and greater than 1,046 ft above NGVD 29. The principal objective of this study was to estimate ground-water outflow from Medina and Diversion Lakes and from the Medina/Diversion Lake system through the calculation of water budgets representing steady-state conditions over as wide a range as possible in the stages of Medina and Diversion Lakes.
Water budgets were computed for the Medina/Diversion Lake system from daily hydrologic data collected during March 1955 -September 1964 , October 1995 -September 1996 , and February 2001 -June 2002 . Budgets for Medina and Diversion Lakes were computed from daily hydrologic data collected only during October 1995-September 1996 and April 2001-June 2002. Water budgets were compiled for selected periods (within these data-collection intervals) through a range of lake stages, during which time the water-budget components were inferred to be relatively stable and the influence of precipitation, stormwater runoff, and changes in storage were presumably minimal. 
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Linear equations were developed from the observed relations between the stage in Medina Lake and ground-water outflow from Medina Lake, Diversion Lake, and the Medina/ Diversion Lake system. The computed mean rates of outflow from Medina Lake ranged from about 18 to 182 acre-ft/d between stages of 1,019 and 1,064 ft above NGVD 29. The computed rates of outflow from Diversion Lake ranged from about -85 to 52 acre-ft/d between these same Medina Lake stages. The rates of outflow from the entire lake system ranged from about 5 to 178 acre-ft/d between Medina Lake stages of 963 to 1,064 ft above NGVD 29. It is assumed that all outflow from the lake system enters the ground-water system as recharge to the Edwards aquifer.
During the time that the stage in Medina Lake was greater than about 1,040 ft, Diversion Lake gained more water than it lost to the ground-water system and the rate of outflow from Medina Lake increased sharply while its stage was between about 1,043 and 1,045 above NGVD 29. The observed outflow from Diversion Lake during this time decreased sharply to the extent that a net gain resulted-indicating that a substantial amount of the additional outflow from Medina Lake returned to Diversion Lake. When the stage in Medina Lake is at the spillway elevation of 1,064 ft, Diversion Lake appears to gain as much as 40 percent of the concurrent ground-water outflow from Medina Lake.
An indication of water moving from the lake system into the ground-water system and back to the surface-water system was observed in the most downstream reach of the Medina River, between Diversion Lake and the Medina River near Riomedina. During conditions of no flow over Diversion Dam, this reach of the Medina River gained from about 32 to 94 acre-ft/d, with the gain increasing with increasing stage in Diversion Lake.
To compare the results of estimating recharge to the Edwards aquifer with water-budget equations developed during the present study to those of a previously used (Lowry) method, monthly losses from the Medina/Diversion Lake system were estimated for the October 1995-September 2002 period. The average of the monthly recharge rates estimated for this period is 3,083 acre-ft, or about 56 percent of the monthly recharge computed with the previously used method.
The greatest difference between recharge estimated by the present study and that computed with the previously used method occurs during months with rising-lake stage conditions. (The previously used method assumes that about 2,200 acre-ft more recharge occurs during months with rising-stage conditions than during months with falling stage.) The present study's estimates of recharge for months with rising-lake stage conditions are about 44 percent of those computed with the previously used method, compared to about 60 percent for months with steady or falling-stage conditions. For stages greater than 1,045 ft above NGVD 29, the present study estimated recharge to be about 52 percent of that computed with the previously used method, compared to about 64 percent at stages below 1,045 ft. Table 6   Table 6 . Relative contribution of each component of the water budget and relative part of record used for each water-budget computation for Medina Lake, Diversion Lake, and the Medina/Diversion Lake system, San Antonio area, Texas.
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